However, the spotlight idea, while conceptually simple, is not without its critics. Ideally, one would like to have an attentional system that can fully adapt to present task demands, but the spotlight hypothesis offers Summary limited flexibility. Many perceptual and cognitive tasks require the comparison or tracking of two or more obSpatially directed attention strongly enhances visual perceptual processing. 
Analysis below). Subjects were also trained to perform an ATTEND1 task in which they covertly monitored only one RSVP fMRI Study: Attending to Opposing Visual Quadrants stream (in a different visual quadrant than those attended in ATTEND2) for the appearance of a digit; subIn the first fMRI experiment, subjects (n ϭ 6) viewed five simultaneously displayed streams of letters and digits jects reported whether this digit matched a prespecified target value (see Figure 1 , Experimental Procedures). in rapid serial visual presentation (RSVP). Subjects held visual fixation on an RSVP stream placed at the center Four blocked conditions were employed during fMRI scanning: ATTEND1, ATTEND2, passive viewing of the of the screen (see Experimental Procedures). The central RSVP stream was an important distractor location for stimuli, and fixation of a (blank) screen containing only a static fixation target (see Experimental Procedures). the attentional conditions. The other RSVP streams were placed equidistant from the fovea, one in each of the Behavioral performance in the ATTEND2 and ATTEND1 tasks was very similar (see Psychophysical Analysis and four visual quadrants.
In order to investigate the mechanisms by which atExperimental Procedures), suggesting that the two tasks were similar in task difficulty. tention can be deployed to multiple targets, we devised a task that required subjects to covertly monitor two For each subject, the portions of visual cortex representing the retinotopic locations of the five RSVP RSVP streams in opposing visual quadrants at the same time. In this ATTEND2 task, subjects had to detect the streams were identified as regions of interest (ROI) in separate ("localizer") functional MRI scans (see Figure 2 , appearance of digits among letters in the streams and report whether the digits appearing in the two streams Experimental Procedures). The upper cortical quadrant ROI was a contiguous band stretching across the lower matched (see Figure 1 ; Experimental Procedures). Digits appeared briefly (173 ms duration) and simultaneously visual field quadrant representations in areas V1, V2, V3, and V3A, while the lower cortical quadrant ROI stretched in the two streams and were masked by subsequent letters in the RSVP streams. The central RSVP stream, across the upper visual field representations of areas V1, V2, VP, V4v, and V8 (see Figure 2 ; Experimental lying midway between the two attended streams, displayed only digits and thus served as a powerful disProcedures). These ROIs were subsequently used to analyze MR time course data. tractor that could substantially interfere with task performance if it was not ignored. The brief, masked target Both single and multiple spotlight hypotheses predict that greater activation for ATTEND1 (versus ATTEND2) duration eliminates the possibility that subjects were rapidly switching attention between locations rather should be restricted to the retinotopic representation of the ATTEND1 stream. This result has been confirmed in than continuously dividing their attention. Although some researchers have argued that attention may be prior fMRI studies (Tootell et attention than the center of the focus. This implies that defined regions of interest for the V1 and V2 representations of the four peripheral RSVP streams. In the fovea, maps comparing ATTEND2 to ATTEND1 conditions should exhibit robustly increased activation in the visual the V1/V2 border cannot be accurately determined (see Experimental Procedures); however, we analyzed the cortical representations of the fovea and perhaps weaker modulation in the representations of the atposterior and anterior subregions of the foveal ROI as a proxy. From previously published studies we expected tended RSVP streams (cf. Muller et al., 2003b ). In contrast, the multiple spotlight hypothesis predicts that the ATTEND2 activation will be restricted to the vicinity of the representation of the two attended RSVP streams and that the foveal representation will be spared (see Figure 3) .
The fMRI activation patterns for all six subjects were consistent with the predictions of the multiple spotlight hypothesis and inconsistent with the zoom lens single spotlight hypothesis. Activation maps for two individual subjects are shown in Figure 4 . Increased activation for ATTEND2 versus ATTEND1 was observed in the functionally defined ROIs corresponding to the attended (upper left, lower right) RSVP streams while sparing the fovea. Greater activation for the ATTEND1 condition was observed in the ROI corresponding to the attended RSVP stream (lower left visual field ϭ upper right ROI) and again spared the fovea.
The total activation for all voxels in each ROI was analyzed as percent signal change for the ATTEND1, ATTEND2, and passive viewing conditions relative to blank fixation (see Table 1 spotlight result extends to primary visual cortex, we Fisher's PLSD analysis on the combined ANCOVA revealed that there was a small but significant (p Ͻ 0.05) cortex. Based on these results, there is no reason to believe that the failure to attentionally modulate the focost for attending to two targets versus attending to one target. For the letter durations that impacted perforvea in these experiments is due to any general difficulties in observing attentional modulations in the foveal repremance (40-250 ms), we found that the relationships between performance and letter duration were well-fit by sentations. We performed a simple control study with one subject in order to confirm this for our stimulus a linear model with zero intercept (adjusted R 2 ϭ 0.989 for ATTEND1, 0.996 for ATTEND2) (see Figure 5) . The layout. The subject (subject A) performed an ATTEND3 task in which the foveal stream was monitored in addislopes were very similar, 0.017 ms Ϫ1 and 0.015 ms
Ϫ1
. In contrast, the strict serial model predicts that the slope tion to the two peripheral streams used in the ATTEND2 task (see Experimental Procedures). Comparison of ATof the ATTEND2 data should be half of the ATTEND1 slope (0.0085 ms
). From our data, the threshold perfor-TEND3 activation to ATTEND1 activation revealed strong attentional modulation in the fovea as well as in mance (dЈ ϭ 1) duration for ATTEND1 and ATTEND2 tasks are estimated to be 59 ms and 67 ms, respectively. the two peripheral streams for the ATTEND3 condition (see the Supplemental Data at http://www.neuron.org/ In order for any serial model to account for these data, it would have to posit an 8 ms attentional "switch and cgi/content/full/42/4/677/DC1). When it is relevant to the task, the foveal region can be selected as well. This process" duration or 125 Hz attentional switching. This estimate is several times smaller than the shortest estisupports our conclusion that the sparing of the foveal region in the ATTEND2 study occurred because subjects 
al., 2000)
. Serial switching models appear to be unable to account for performance in these attentional tasks.
As a further exploration of our psychophysical paradigm, we had subjects (n ϭ 3) perform the ATTEND2 task using specific letters rather than digits as the targets to detect amid streams of distractor letters (see Experimental Procedures). This control was performed in order to address concerns that digit targets might "pop out" of the letter stream or might otherwise be processed differently than the letter distractors. The performance data from this control matched the results of the digit target experiments. The slopes of the linear fit were 0.017 ms Ϫ1 for ATTEND1 (adjusted R 2 ϭ 0.957) and 0.015 ms Ϫ1 for ATTEND2 (adjusted R 2 ϭ 0.991). These results confirm that the use of digit targets was not relevant to the central results. Across a broad range of stimulus rates, the ATTEND1 and ATTEND2 tasks were very simi- The fMRI experiments were conducted using sub-200 ms letter durations. Furthermore, we observed that subresults to below significance for both V1 and V2.
The attentional modulation for each subject shows jects were able to perform the ATTEND2 task for letter durations in as short as 67 ms, only 8 ms longer than two clear peaks corresponding to the locations of the two attended targets and a clear dip in the eccentricities is required to monitor one stream in the ATTEND1 task. These times are too short for any remotely plausible that represent that distractor (see Figures 6C-6E) the present study. First, it is critical that the psychophysical task requires simultaneous deployment of attention This analysis applied to the individual subject data also resulted in significance to at least the p Ͻ 0.05 level for to two locations, since the temporal resolution of fMRI is far too coarse to test the attentional switching hypothall regression coefficients for each subject. In each case, the quadratic term is positive, and the linear term is esis without this psychophysical control. Second, in order to eliminate the possibility of a "subtraction artifact," negative, thus confirming the distractor dip for each subject and for the group data. Therefore, visual cortical the critical data analysis must not involve a comparison condition in which attention is directed to the region in activation in the ATTEND2 task exhibits two peaks of spatial attention with a significant drop off in activation which one wishes to demonstrate attentional sparing. The ATTEND2 versus ATTEND1 comparison employed at the location of the intervening distractor. This result is inconsistent with the zoom lens hypothesis, which here avoids this problem, as the two conditions directed attention away from the fovea and toward distinctly difpredicts that attention should be strongest at this intermediate location. Multiple spotlights of spatial attention ferent spatial regions. These two design factors allow us to draw conclusions that were not supported in prior can occur within a quadrant of the visual field. That some attentional activation occurs at the distractor locafMRI studies. We have observed that divided visual spatial attention extends into striate cortex and thus to tion may indicate that the resolution of multifocal spatial attention is limited. However, this may partially or fully the lowest-level cortical representations of the stimulus. That the attentional modulations in area V1 were smaller reflect resolution limitations in our retinotopic analysis and need not require a spatial blurring of attention. . Future studies will be re-of the fovea) and an anterior foveal ROI instead; however, since gets were defined to be any digit that appeared in the monitored streams. Digits always appeared simultaneously in the two streams. there is a null effect at the fovea, this is not critical to the analysis. For the quadrant study of experiment 3, new ROIs were defined Letters served as distractor and masking stimuli. In the central (distractor) stream, only digits were displayed. Each time targets were using this same approach. These full ROIs were subdivided on the basis of cortical area, with the same caveat regarding the fovea.
than for extrastriate regions suggests that attention is transmitted top-down from higher visual cortical areas rather than bottom-up via subcortical pathways (O'Con-
perceived, subjects reported whether the two targets matched. Target match trials occurred with 50% probability. In this task, identifiIn addition, a second set of small ROIs were defined by the thin isoeccentricity bands on the color maps for the eccentricity retinocation of one target provided no information about the trial type; identification of both targets was required to perform the task at topy data. Each Isoeccentricity ROI spans cortical areas from V1 to the more anterior retinotopic areas. These ROIs were used to quanabove-chance levels. RSVP streams ran continuously during trial blocks with targets appearing randomly 1.5-2.5 s after the prior tify how attentional modulation varied as a function of eccentricity (see Figure 6F) . target appearance. The unattended RSVP streams served as distractors and provided no information about trial type or timing. There Attentional study fMRI scans employed a block design with four conditions: ATTEND2, ATTEND1, passive viewing of RSVP stimuli, were no cues to target appearance. The ATTEND1 stimuli and task were essentially identical except that subjects only had to monitor and passive viewing of a display containing only a fixation target (see below for further description of stimuli and tasks). be missed, performance was analyzed in terms of dЈ. Regression analysis was performed using the Statview software package (SAS). analysis, the percent signal change data (rather than the ␥ fit output) was extracted and averaged by condition (over many runs) to conTwo control studies were performed: one purely behavioral and the other using fMRI. The behavioral control study was performed struct time course data for all voxels within a functionally defined ROI. The percent signal change measure is relative to the average to investigate whether subject performance was influenced by the use of digits as targets among distractors. The possible concern activation level during the fixation condition.
Hemifield/quadrant experiments employed a bilateral quadrature was that digits may be classified as belonging to a different category than the letters and thus might pop out of the letters stream or surface coil placed at the back of the skull in order to enhance the signal-to-noise ratio (TR ϭ 2 s, in-plane resolution 2.65 mm ϫ 2.65 otherwise receive enhanced processing. In order to address this concern, we repeated our parametric behavioral study using letters mm, 3 mm thick, skip 0.3 mm). Attentional block timing was the same as in the four-quadrant experiment. RSVP stimuli were restricted to as both targets and distractors. For a given run, three letters were predefined as targets. This experiment was run on three subjects either right or left visual hemifield (see Figure 6A) . The central RSVP stream subtended 0.6Њ visual angle. Mideccentricity distractors subfrom the original behavioral study. The second control study (see the Supplemental Data at http:// tended 1.5Њ and were centered 2.5Њ diagonally from fixation. Peripheral streams subtended 2.2Њ and were centered 7Њ diagonally from www.neuron.org/cgi/content/full/42/4/677/DC1) was performed in order to confirm that the foveal regions could be driven when attenfixation. tion was directed there as well as to peripheral locations. Although foveal modulation by attention has been well demonstrated in previStimuli and Psychophysical Tasks ous studies, one subject was tested here with a minor variant on Visual stimuli were driven by a Macintosh G4 using the Vision Shell our paradigm to confirm this result. For this study, a task called environment (Comtois, 1999 ) and were displayed either by LCD ATTEND3 was devised that used the same RSVP streams in the projector (fMRI) or 22 inch CRT (psychophysics only). The stimuli same configuration and required the subject to attend to the central consisted of letters and digits displayed in RSVP. Five RSVP streams stream as well as the two opposing peripheral streams. Subjects were displayed simultaneously. In the four-quadrant layout (see Fig- reported whether exactly two of the three targets matched. This ures 1A and 1C), the letter height subtended a visual angle of 0.6Њ task could not be done above chance levels without identifying all in the central RSVP stream and 1.1Њ in the peripheral streams (see three targets. Targets appeared simultaneously at all three streams. above for hemifield study stimuli). One "peripheral" stream was Targets and distractors were the same as in the ATTEND1 and placed in each visual field quadrant centered 3.6Њ diagonally from ATTEND2 tasks. central fixation. During training sessions, subject eye position was monitored (Viewpoint, Arrington Research), and auditory feedback was given when central fixation was broken. Identical stimulus conAcknowledgments figurations were employed for both the behavioral experiments and for experiment 1 in the scanner.
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